We have extended the study of the contact-shifted resonances in the nmr spectra of oxidized and reduced spinach ferredoxin to lower magnetic field than reported by others. We have found two resonances not observed previously: one at 37 ppm, corresponding to as many as eight protons, in the oxidized protein; and the other at 43 ppm, corresponding to two protons, in the reduced protein. Assignments are proposed for these resonance and for those previously reported. We conclude that amino acid residues other than cysteine may participate in coordinating the iron atoms. By comparing the line widths in our 60 MHz spectra with those in the published 220 MHz spectra, by evaluating hyperfine coupling constants, and by an independent measurement, of the electron paramagnetic resonance line width at 230" K, we estimate the electronic spin-relaxation time of the reduced protein to be ca. 1 X 10-n sec. With this value for T we determine the dipolar contribution to the line width and hence estimate the distances between the contact-shifted protons and the paramagnetic center.
The active center of the two-iron ironsulfur proteins is believed to be a binuclear cluster comprising both iron atoms each of which is tetrahedrally coordinated by four sulfur atoms. Two of these sulfur atomsthe labile sulfides-are bridging ligands common to both iron atoms, the other four sulfur atoms, external to the binuclear center, are provided by cysteine residues (1, 2) . In the oxidized state both iron atoms are highspin ferric, in the reduced state one remains high-spin ferric and the other converted to the high-spin ferrous state (2, 3). These iron atoms interact via a moderately strong antiferromagnetic exchange interaction which is decreased by approximately 50 % on reduction (4).
The nmr spectrum of spinach ferredoxin i Supported by NIH Grant GM-12176. in both redox states exhibits resonances to low-field of the diamagnetic proton region (O-10 ppm) and these have been assigned as the t'3-CH2 protons of the liganding cysteines (5) which are "contact-shifted" to their observed positions by virtue of the paramagnetism of the metal ions (cf. 6). An unexplained feature of that work was the observation that these resonances could be grouped into two classes, those for which the position shifted to lower field with increasing temperature and those that shifted to higher field.
A consequence (2) of the above model is that protons which "sense" the spin density on the ferrous ion will show a positive temperature dependence, while those that "sense" the ferric ion will show the observed negative temperature dependence, and a SALMEEN AND PALMER detailed semiquantitative prediction of line positions has been made (2). In addition it was noted that only one contact-shifted proton was observed in the nmr spectrum of the oxidized protein, whereas a maximum of eight /3-CH2 protons was to be expected.
For Number of protons corresponding to each resonance indicated by numbers adjacent to plots of temperature dependences. Note unconventional display as in Fig. 1 . stoppering the tube with a serum cap. In either case, the sample had not reoxidized after 12 hr. Figure 1 is the 60-MHz spectrum of oxidized spinach ferredoxin.
At this lower frequency the resonance observed by Poe et al. (5) at 15 ppm appears as a shoulder on the tail of the non-contactshifted resonances. The broad resonance centered at ca. 36 ppm was not observed previously.
We estimate that it contains 6 f 2 protons; its temperature dependence is shown in the inset. (Note that the spectrum is displayed unconventionally; magnetic field is decreasing to the right.) Figure 2 shows the spectrum of the reduced protein; no resonances were observed in the range 55-72 ppm. The temperature dependence and relative intensity of these lines are given in the inset. The resonance in the region of 42 ppm was not observed previously while the remaining lines are among those reported by Poe et al. (5).
DISCUSSION
At this time we are unable to identify uniquivocally the protons responsible for the observed contact-shifted nmr resonances. Nevertheless, several conclusions can be drawn from the available data and we wish to present, the arguments which lead to these conclusions. To facilitate comparison with the published spectra of Poe et al. (5) all resonances will be designated by their shifts in ppm at 5°C.
In attempting to analyze these spectra we have relied on the semiquantitative model of Dunham et al. (2) . In this model the Hamiltonian describing the contact interaction in the reduced protein has the form:
where the subscripts 1 and 2 refer to the ferric and ferrous ions, respectively, and the summations are over the i(j) protons. For the oxidized protein (S,,) = (S,,) and this Hamiltonian requires just a single term. The expectation values (SZi) include the weighted averages of all thermally accessible states. As a result of this thermal averaging, protons in the reduced protein which are contact-shifted by interaction with the ferric ion move upfield (i.e., toward DSS) with increasing temperature and protons which are contact-shifted by interaction with the ferrous ion move downfield with increasing temperature. The parameters required to quantitatively determine these expectation values as a function of temperature were calculated by Dunham et al. (2) by fitting the temperature dependence of magnetic susceptibility and Mijssbauer data.
In addition to relying upon the conclusions from this model, we further assume that a C-C single bond attenuates the transmission of spin density by about an order of magnitude; a factor of 11-15 was found by Eat'on et al. (8) in alkyl-substituted nickel (II) aminotroponeiminates.
Thus, for cysteine bonded to iron via the sulfur atom, the &CH2 protons should be shifted about 10 times further than the a-CH proton. (This assumption requires that the only contribution to the contact-shift is transmission of spin-density through chemical bonds. The rather small anisotropy of the g-tensor in reduced spinach ferredoxin implies that the pseudocontact terms are negligible and that this assumption is reasonable.)
We assign the broad resonance at cu. 34 ppm (5°C) in the oxidized protein as due to the eight B-CHZ protons of the four cysteine residues which are presumed to function as ligands to the ferric ions. This assignment is based solely on the observation that the intensity of this resonance accounts for approximately eight protons.
Accepting this assignment, we would expect to find the four cr-CH protons of these cysteine residues in the range of 6-7 ppm downfield from DSS,2 and would thus be obscured by the large number of resonances which occur in this region. However, the data of Poe et al. (5) on oxidized spinach ferredoxin taken at 5 and 30°C are significantly different at the two temperatures in several regions including that around 7 ppm. Furthermore their data on oxidized parsley ferredoxin shows a resonance in the region of 6.3 ppm with a temperature dependence strongly suggestive of a contact-shifted resonance.
As a result of these assignments, we conclude that the contact-shifted resonance at 14.7 ppm, reported by Poe et al. (5) corresponding to a single proton, is not due to a cysteine proton, but to some other amino acid residue. If this is true, these are the first data to indicate that amino acids other than cysteine have a role in coordinating the metal ions.
These conclusions regarding the oxidized 2 The temperature-independent diamagnetic chemical shift for the or-CH protons is taken as 4 ppm, and for the 8-CH, protons as 3 ppm (9). protein can be used to provide a reasonable explanation of the spectrum of the reduced protein. We make two additional assumptions :
(1). No change in coordination geometry of the binuclear center accompanies reduction so that the hyperfine interaction constants of the ferric and ferrous protons are unchanged on reduction.3 When the values of the hyperfine constants remain unchanged, the positions of the proton resonances in the reduced protein are given by:
(2). The resonances at 13-21 ppm which account for four protons and which exhibit the strong negative temperature dependence anticipated for ferrous contact-shifted protons are the ,&CH2 cysteine protons. With (&,),, = 1.7 X lo+, (2) then (&)red = 0.8 X 1OV which in turn establishes (S&d = 24 X 10-3, corresponding to a value for J of about 65 cm-'. [Strictly speaking we only require that the total unpaired spin density at the ferrous protons be decreased by about one-half; it seems likely that a small fraction of this spin density originates at the ferric ion (2) .]
We thus expect that the position of the ,&CH2 cysteinyl protons of the ferric ion in the reduced protein should be about 468 ppm. This is well beyond the limits of the frequency sweep of our spectrometer and, furthermore, observation of this resonance 3 Unfortunately, the available spectroscopic data are not very helpful in evaluating this assumption.
The observation that the quadrupole splitting and isomer shift of the ferric ion in the Miissbauer spectrum of reduced ferredoxin is identical with that in the oxidized protein is of little significance because the experimental values are those which characteristically are insensitive to changes in the geometry of the ligands coordinating the iron.
The assumption that the values of the hyperfine constants for the protons of the ferrous ion are unchanged on reduction is predicated on the conclusion from Miissbauer spectroscopy that the extra ferrous electron resides in a cl,2 orbital. The ferrous ion is believed to be tetrahedrally coordinated and in this geometry cZ,z is only weakly bonding. Consequently the extra electron should have a small effect on the hyperfine constants.
would be difficult because the line width (see below) is proportional to (S12) which is ca. 20 times larger in the oxidized protein than in the reduced.
With a factor of 10 attenuation across a C-C single bond, we then expect to find the two wCH cysteinyl protons associated with the ferric ion at about 47 ppm. This is suggestively close to the position of the line which is observed at 44 ppm (5"(Z), with an intensity corresponding to two protons and which has a temperature dependence indicating interaction with the ferric ion. We therefore assign this line as due to the two a-CH ferric cysteines. In the same vein it follows that the two (Y protons of the ferrous cysteines be at about 4-5 ppm.
The two resonances at 10 and 18 ppm in the reduced protein, each of unit intensity, and with a temperature dependence which corresponds to ferric ion, are apparently not due to cysteine protons, nor do they appear to be related to the resonance at 15 ppm in the oxidized protein. Again we must conclude that these arise from amino acid residues not previously anticipated to be in the coordination sphere of the metal ions.
Once these assignments are accepted, the data suggest that the line widths can be interpreted to provide estimates of the distances between the paramagnetic center and the various contact-shifted protons. In general, the line widths are given by the Solomon-Bloembergen equations (10) : where 7. is the electronic spin-lattice relaxation time, wg is the electron Larmor frequency, and (82) = S(X + 1) (Si . S /X)2 thermally averaged over all states. This expression assumes that the electronic relaxation time is much shorter than the rotational correlation time.
Three general arguments suggest that either 7e z l-3 X lo-l1 see or 76 < 4 X lo-l3 sec. (1)From the observed line positions and the values for (S,,), the isotropic hyperfine coupling constants can be determined.* Knowing these coupling constants, a value for TV can be computed for each contactshifted resonance which would be sufficient for the isotropic term alone to account for the observed line width, assuming that the dipolar contribution is negligible and wsre >> 1. These values are summarized in Table I as Thf . The actual value for 76 cannot be longer than the shortest of these values. For the line corresponding to this shortest value of Thf , the isotropic hyperfine interaction alone accounts for the experimental line width, and any longer value for 7e would predict a line width greater than that experimentally observed. Thus TV < 3 X lo-". (2)To within the accuracy of estimating line widths (cu. f 15 Hz) from the published data of Poe et al. (5), the line widths appear to be identical at 220 MHz and 60 MHz. This means that 76 cannot be in the range 1 X lo-" to 4 X lo-l3 set; if it were, then wsr, M 1 and we should be able to observe a field dependence for the line width5. A one-to-one correspondence of all 4 The observed line positions are given by where the 6i are the diamagnetic chemical shifts. In the temperature range of these measurements (S& are approximately linear functions of temperature; thus, the slopes of the observed temperature dependences are proportional to the slopes of (S& , where the proportionality constants are the hyperfine coupling constants. In principle the hyperfine constants should be determined from the slopes whereupon the diamagnetic shift can be determined from the line position. Assignments should be based on these diamagnetic shifts. However, because of the experimental uncertainty in the slopes we can only conclude that the diamagnetic shifts of the various protons are in the range O-8 ppm. Therefore, for those resonances which we have attributed to cysteine, we determine the hyperfine constants from the line positions assuming a diamagnetic contribution of 4 and 3 ppm for the oi and p protons, respectively (9). For the resonances at 11.2 and 18.0 ppm in the reduced protein, and 14.7 ppm in the oxidized, we can only place limits on the hyperfine constants because of the uncertainty in the diamagnetic contribution.
For the various amino acids values between 2.0 and 8.0 ppm are possible (9).
5 We assume that T, is independent of field in (A/h) is hyperfne interaction, l/T 2 abs is measured line width (half-width at half-maximum), TI,~ is electronic relaxation time required to account for observed line width neglecting dipolar interaction, r is the distance in angstrems resulting from the evaluation of the dipolar contribution to the line widths.
Resonance" 1 mc A/h (rad . se&) T2. 0bs
Th. f kc) (rad . set-I) Te = 2.5 x 7e = 1 x 7c = 4 x lo-11 (set) lo-"
(set) lo+ (set) e This resonance corresponds to two protons. The contribution to the line width from nonequivalence is estimated from the difference in line width at 220 MHz and 60 MHz to be ea. 95 rad.sec+. resonances at the two frequencies is not possible because many of the resonances which are resolved at 220 MHz collapse to singls lines at 60 MHz. However the resonance which occurs at 22 ppm at 30°C is resolved as a single line at 60 MHz. This same resonance is resolved as a single line at 13.7 ppm in the 5'C/220 MHz spectrum presented by Poe et al. (5) . The line width in both of these spectra is 80 Hz. This comparison at two temperatures is justified by the observation that no changes in line widths are observed in our data over this the range 14-51 kG. Without knowing the dominant mechanism for electron relaxation this assumption cannot be justified rigorously.
However, because the rotational motion of the protein is slow (rR > 10-S set) the electron relaxation rate is determined most likely by internal molecular motions such as overdamped normal modes. For a protein we would expect that the frequency spectrum resulting from such motions and causing electron relaxation would extend to a sufficiently high frequency that WA << 1 in the range 14-15 kG, where 7" is the correlation time for these internal motions. temperature
range. The resonances which correspond to two protons appear to be slightly broader at 220 MHz, which probably reflects a slight nonequivalence of the protons. Any frequency dependence of the line width would result in narrower lines at the higher frequency. To within 15 Hz the line widths are equal at the two frequencies and we conclude that re must lie outside the range between 1 X lo-l1 and 4 X lo-l3 sec.
(3)Using a very concentrated sample of reduced spinach ferredoxin we have measured the epr line width at 230°K; it is greater than 1000 G. A lower limit for 7e can be estimated from this line width by assuming TI = Tz; thus 7. is at least cu. 6 X lo-" see at this temperature. At room temperature, this time can only be shorter. Thus the value for 7, estimated from the nmr line widths is consistent with that estimated from the epr line width.
Given a value for ~~ , the distances between the various protons and the paramagnetic center can be calculated, since the dipolar contribution can be determined. The various distances are summarized in Table I for various values of the electronic relaxa-
